1B. AMSTRACT (Continu, on reverse if necessary and identify by block number)
In its second year of operation, the single crystal fiber growth machine has produced over 400 fibers of a variety of materials, some of which had never before been grown in fiber form. A high speed, high resolution, long working distance diameter measurement s stem has been constructed and installed on the growth machine. It has enabled the closed loop growth of single crystal fibers possessing diameter stability a factor of four better than the fibers grown without feedback diameter control. the fir JmonolithiC single crystal fiber devices, a fiber ruby laser and a sapphire fiber thermometer, have been studied.
03i FILE COPY EET INTRODUCTION
The growth of crystalline materials in fiber optical form makes possible a variety of devices which will be useful in the generation and processing of light and which will couple well to glass fibers used for transmission.
Optical fibers can be made from materials which can withstand more adverse conditions than glass fibers. Nonlinear optical processes can operate more efficiently in a waveguide because confinement provides high optical intensities over long interaction lengths, a combination which is not available in bulk crystals due to diffraction. Crystalline lasers and modulators can be made, as well as passive components such as polarizers, isolators and filters.
Crystalline fibers are grown at Stanford using the laser heated miniature pedestal growth technique. In this crucible-less method, a CO 2 laser melts the end of a rod of feed material.
A seed crystal is then dipped into the molten zone thus formed and the fiber is grown by pulling the seed away from the melt while fresh feed material, is simultaneously fed into the molten zone.
A diameter reduction is obtained by pulling the seed more rapidly than the source is fed in. Since this is a freezinq process,
---and not a stretching process as in the drawing of glass fibers, fluctuations in the diameter of the freezing interface are literally frozen into the as-grown fiber.
We have concentrated on the materials sapphire A9Z 2 0 3 V ruby Cr:Ak 2 O0 3 , Nd:YAG and LiNbO 3 . Sapphire is useful for passive components, high power carrying capability and its resisitance to corrosive and high temperature environments.
Ruby and Nd:YAG are laser materials, and LiNbO 3 is of great interest in nonlinear optical applications.
In all these applications, it is necessary to grow smooth fibers with minimal fluctuations in diameter. Diameter ripples on the order of a few percent of the mean diameter can cause the loss of light out of the fiber by scattering. Diameter fluctuations on the order of a few tenths of a percent can cause reduction in the efficiency of nonlinear interactions because, while scattering out of the fiber and into "radiation modes" may be small, fluctuations of this size can scatter light between guided modes. Light lost into the wrong quided mode is then unavailable because it does not meet the phasematching requirement of the nonlinear interaction. As a result, a major thrust of our effort has been in the improvement of the diameter stability of the fibers.
Besides growing fibers of materials of interest, other steps must be accomplished before useful devices can be obtained.
it must be possible to put optically polished ends on the fibers.
-2-Ferroelectric materials must be "poled", or made to contain a single domain or other desirable domain structure. A method for cladding the fibers must be found to reduce the core size and protect the refractive index interface. Methods must be found to characterize the performance of fibers and the devices made from them. Our reserach program addresses all these issues, and significant progress has been made on every front in the past year.
Investigation of the vacuum ultraviolet spectroscopy of ionized indium vapor was motivated by interest in extending the operating range of re-combination lasers to vacuum ultraviolet. It is planned to use broad bandwidth ionizing radiation in the soft X-ray region to preferentially remove inner shell electrons from indium ions in the ground state. When these electrons re-combine they initially occupy outer shell positions leaving the inner shell electron vacancies. In this way we propose to produce a population inversion in doubly ionized indium for a transition at 185 nm.
In preliminary experiments, a pulsed carbon dioxide laser was used to evaporate a plume of indium vapor from a molten pool of the metal. A Q-switched Nd:YAG laser doubled to the green is now being used for this purpose. A second Nd:YAG pulse is used to produce the broad band ionizing radiation by creating a plasma at the surface of a high atomic number metal tarqet.
In an initial step the broad band radiation has been used to characterize the laser produced indium plasma. It was found -3-that there is a large ground state population singly ionized indium in the evaporated plume. This is a required initial condition to proceed with pumping the laser transition.
II. PROGRESS IN SINGLE CRYSTAL FIBER RESEARCH
In the past year nearly 400 fibers have been grown of sapphire, ruby, Nd:YAG and LiNbO 3 . The growth station has proven to be straightforward to operate and currently eleven students in three different research groups are qualified to qrow fibers.
In attition to the "traditional" materials listed above, several new materials have been grown. These include titanium-doped sapphire (Ti: A diameter measurement system with 0.01% diameter . resolution, 6 um axial resolution, 160 mm working distance and a 1 kHz measurement rate has been constructed and installed in the growth station. Closed loop control of the fiber diameter has been accomplished using a simple analog proportional controller. Already a factor of 4 improvement in diameter stability
over the best open loop growth has been seen.
Measurements are underway to determine the effects of perturbations in growth conditions on the fiber diameter, as well as to identify the sources of existing perturbations.
Knowledge of the growth process transfer functions will enable us to design more effective control systems for stabilizing the fiber diameter to within our goal of 0.1%. A paper on the controlled growth of fibers will be presented at C.L.E.O.'85.
The first real monolithic single crystal fiber device, a liquid nitrogen cooled fiber ruby laser, has been demonstrated.
A paper on this device has been submitted to Applied Physics
Letters and a poster paper will be presented on it at C.L.E.O.'85.
Further work will be performed on monolithic Nd:YAG fiber lasers.
Second harmonic generation has also been performed, albeit unguided, in LiNbO 3 fibers. Tests are also underway on the sapphire fiber thermometer to determine its lifetime, spectral "blackness", and the amount of undesirable background radiation emitted by the sapphire itself.
III. PROGRESS ON INDIUM PHOTOIONIZATION LASER
In the Past year we have demonstrated that extremely large densities of ground state indium ions (sinaly ionized), can be produced by laser ablation. Using only 100 milli-joules of 532 nm Q-switched light from a Nd:YAG laser, we have produced densitites 1015 _ 1017 per cubic centimeter of ground state In II lasting for several hundred nanoseconds. These densities are of the order needed for the production of an indium photoionization pumped laser. The density measurements are by the "curve of growth" method, described below. October through December was spent improving equipment.
The signal-to-noise ratio of the system was improved several orders of magnitude, allowing spectral measurements to be made with resolutions of 0.2 angstrom at 1586. 4 angstroms. This was necessary to carry out the curve-of-growth measurements of ion density, and other characterizations of the indium plasma.
Improvements were also made to the molten indium target boat, allowing better control of its temperature and allowing the target to be moved relative to the axis of observation. Also, a small absorption vacuum pump was added to the glass cell containing the indium, plasma, reducing interference from atmospheric qases which leak into the cell.
With these improvements, successful curve-of-Qrowth measurements of ion density followed in January and February
1985.
The curve-of-growth technique involves measuring the absorption of light passing through the indium plasma as a function of wavelength. We have used a laser produced plasma as the broad band vacuum ultraviolet light source for these measurements.
The uncertainty in the ground state In II densities quoted in the first paragraph is due to line broadening of the absorption transition beinq observed. The broadening mechanisms include Stark broadening by electron impact and by collisions with other ions, as well as resonance broadening by other ions of the same species and pressure broadeninq by the background helium pressure in the cell. The broadening due to these mechanisms will be calculated in the future, allowing accurate calculations of ion densities to be made.
In the near future we plan to make time resolved density measurements for several electron states in neutral indium and the first two ion stages. This will allow us to compute the plasma temperatLure and electron density as a function of time in the indium, plasma. With this information we can choose the proper position and time in the plasma to apply the photoionization pump needed to produce a laser at 1850 angstroms.
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The water-cooled laser cavity is temperature stabilized and produces a polarized HE,, output mode with power fluctuapparatus to grow fibers with these length, diameter, and ations less than 1%. diameter stability characteristics.
The laser power and beam pointing are most stable if the laser is allowed to run at constant high power. Therefore, an electro-optic power control system is used to vary the A. Design overview laser power incident on the molten zone. The system consists of a ZnSe quarter-wave plate, CdTe electro-optic crystal, Figure I illustrates the miniature pedestal growth of a and ZnSe polarizer/analyzer. The measured system dynamsingle-crystal fiber. A tightly focused CO 2 laser, emitting ic range is greater than 100:1. Provisions for modulating the 10.6-pum radiation is the heat source used to melt the refracincident laser power have been incorporated into the control tory material. The source rod may be fabricated from singlecircuitry to allow growth of a fiber with controlled diameter crystal, t polycrystalline, sintered,' 3 or pressed power" 5 mavariations. Such periodic variations could serve as a distribterial. The seed rod defines the crystallographic orientation uted Bragg reflector eliminating the need for conventional of the fiber. Growth proceeds by simultaneous upward mirrors in fiber resonator devices.
4.
translation of the seed and source rods with a molten zone The CO, laser beam (invisible) emerging from the polarpositioned between them. The laser focal spot, and conseizer is combined with a HeNe laser beam (visible) on a dichquently the molten zone, remain fixed during fiber growth.
roic mirror. The visible coincident HeNe beam facilitates The source rod to fiber diameter ratio is set by mass conser-CO 2 alignment down the remainder of the optical train. vation to be the square root of the fiber to source rod translaAfter passing through a ZnSe focusing telescope and some tion rate. Typical fiber growth rates range from 1-10 mm/ beam steering optics, the CO, beam enters the controlled min with diameter reductions of approximately three.
atmosphere growth chamber. In our system ground rods 500pm in diameter serve as Within the growth chamber a novel optical system fothe initial source for fiber crystal growth. The small rod dicuses the laser beam onto the fiber in a 360 axially symmet- .
GEARHEAD + PAHALOD
To alleviate these problems we adopted the belt drive
PHASE-LOCKED
system shown in Fig. 5 . The fiber is driven by a polyester cord reinforced urethane belt, which in turn is driven by a dc + motor through a speed reducing gearhead. An optical en- side-to-side wobble. It provides a smooth, hard sliding sur-<0.05%, an axial resolution as small as 5/pm, and a working face along the fiber axis. distance > 100 mm to avoid obstruction of the CO, focusing ',. ', A phase-locked control circuit enables stable dc motor system. No commercial system was available which met all ",,%e operation over a 100: 1 speed range with acquisition times of these criteria.
b.
100 ms. A useful control option allows fixing the fiber to We designed and built the fiber diameter system shown % source rod speed ratio while adjusting growth speed. Since schematically in Fig. 6 . A helium-neon laser beam illumithe fiber diameter has starting transients in the initial phases nates one side of the fiber. The rays passing through the fiber of growth, a slow growth rate allows time for the operator to and those reflected off the fiber surface interfere in the far make adjustments. As equilibrium conditions are reached field to form a series of light and dark fringes whose period is growth speed can be conveniently increased without changinversely proportional to the fiber diameter. 2' By imaging ing the fiber diameter, the interference pattern on a photodiode array and electroniThe motor control system ensures motor velocity stabically tracking one of the fringes as it changes position in lization to frequencies above the mechanical response time response to fiber diameter changes, a voltage proportional to " of the drive system. Gear noise introduced in the speed rethe diameter change is derived. As built, the system has a ducing gearhead between the dc motor and belt drive pulley diameter resolution better than 0.02%, an axial resolution of is a possible source of fiber translation fluctuation. The mag-5/pm, and a measurement rate of I kHz. A detailed descrip-
nitude of this noise is not known. However, measurements of tion of the diameter measurement system is given by Fejer, the actual fiber translation velocity indicate a jitter of less Magel, and Byer.
24 than 3%, the measurement resolution. Fiber motion orthogonal to the translation direction is
III. RESULTS
limited only by fiber straightness and diameter uniformity. Uniform diameter source rods are fabricated using a BoccaFour crystalline materials have been grown to date: sap-. doro 2 ' model FB40 centerless grinder. We have ground rods phire (AI,0), sapphire with 0.05 wt.% chromium (ruby), of AI,O, YAG, and LiNbO, to diameters of 300-600 pm in YAG with 0.9 wt.% neodymium, and lithium niobate lengths up to 12 cm, with a taper of less than 1 m/cm. For (LiNbO). Growth characteristics of the chromium doped these source rods, the measured side-to-side wobble during ruby were identical to those of the pure sapphire. Growth . translation is less than 3pm, the measurement resolution.
orientations for the fibers were (001) for sapphire, (I 11) for During growth the molten zone is situated I cm above YAG, and both (001) and (100) for lithium niobate. Fibers
the lower translator. The upper translator has two operating as small as 20pm in diameter and as long as 20 cm have been positions, I and 3.5 cm above the melt. The raised position grown (see Table I ). Fiber growth speeds ranged from 0.3 to allows growth of an approximately 3-cm-long fiber without 30 mm/min. the newly grown fiber contacting the translator. The seed for Typical diameter reductions are approximately three to this growth is typically an oriented crystal mounted in a one. Larger diameter reductions result in less stable growth capillary tube.
and yield fibers with larger diameter fluctuations. Smaller Longer fiber lengths are obtained using the lower posidiameter reductions yield good quality fibers but require . -tion of the upper translator and a previously grown 3-cmmore steps to reach the desired diameter. The observed corlong fiber as a seed crystal. In this case both the newly grown rel.'tion between diameter reduction and growth stability fiber and the seed crystal pass through the upper translator, agrees qualitatively with the theoretical analysis of Surek ,. The diameter of the fiber must be matched to that of the seed and Coriell.
2'

S-l.
crystal to within + 10% to avoid jamming the translator. Even though the melting temperatures range from. The small irregularities in fiber diameter resulting from the 2045 to 1260 C for these materials, their fiber growth charjoint between the seed crystal and new growth can give rise acteristics are similar. Molten zone length is determined by to unacceptably large molten zone side-to-side wobble. This the incident laser power. For optimum growth stability the forces the addition of an 8-mm-long glass capillary tube laser power was adjusted to yield the molten zone shape deguide mounted onto the end of the upper translator. For picted in Fig. 7 . For all materials investigated the optimal growth of a 170-/pm-diam fiber a 200-p/m-diam guide promolten zone shape is similar, with a height-width ratio of vides the necessary position stability.
.
Another important feature of the growth apparatus is a high-speed noncontact diameter measurement system. As • have a measurement rate > 100 Hz, a diameter resolution F(i. 6. Schematic diagram of fiber diameter measurement system. are 4.8 and 1.5 W, respectively. In Fig. 7 the growing fiber is invisible since its smooth sides scatter much less light than those of the ground source rod. The solid-liquid growth interface is evident as the slightly darker bowl-shaped region _. the top of the molten zone. The curvature of this isothermal surface reflects the radial temperature gradients present. The measured angle between the growing fiber and the molten zone at the periphery (meniscus angle) is 120 and 8* (± 2*) for sapphire and YAG, respectively. This angle is a material constant independent of fiber growth speed or diameter. Our measured (C) meniscus angle for sapphire (! 2 ± 2) is slightly below but not inconsistent with the 170 ± 40 value previously measured by Dreeben, Kim, and Schujko., * A well-defined meniscus angle could not be measured in lithium niobate due to the highly anisotropic fiber cross not evident in either sapphire or YAG fibers, both of which " show a slightly rounded hexagonal cross section.
Another feature evident in Fig. 8 (c) is the excellent fiber diameter control and surface quality. No fiber irregularities exist on the micron scale lengths visible in the figure. On a longer scale length we have demonstrated a rms diameter variation of 1% over a I cm length of fiber. Typical variations in fiber diameter are shown in Fig. 9 . This 55-pm-diam ruby fiber was grown at 4.5 mm/min from a 165-,um-diam source rod. The previously described diameter measurement apparatus was used to measure the deviations about the mean diameter. The rms diameter variation .10e over the entire fiber length is 1.7%. The last centimeter of fiber shows a 1% rms diameter variation.
To date all growth has been performed with the growth chamber open to the atmosphere. The as-grown LiNbO3 fi-(a) ( b ) bers have a brownish cast resulting from oxygen loss during growth. Annealing the fiber at 1000 °C in an oxygen atmo-""0 crystal fibers is similar to that seen in bulk Czochralski crys- and undoped congruent LiNbO 3 and compared our and design flexibility of excimer lasers. In spite of the latter figure. Note also tat CHSH processes give results for the two materials. Results were similar, this, a Faraday rotator for UV lasers has not been the dominant contribution to the total Auer coetiwith the most sinificant differences being increased developed. prooably because of the feeling that it cent except at the enpoints of the graphs. The resistance of the y face to etching and lower diffumay be difficult to find appropriate material for UV primary band structure parameters input to this
SiOn coefficients in the doped material. 
Teponon Cou arer are vaned by
We have demonstrated for the first time that 900 interpolation from measured binary values. In conacid containing various concentrations of lithium sidering these results, it should be noted that the benzoate. 2 The lithium benzoate provides a means of Faraday rotation can be obtained for 248-nm band-structure parameters given above are those for controlling the proton concentration in the exoutput of a KrF laser using a 5-cm long quartz optical employed by Dutra and Nelson in all except their changed region.
cell filled with water in -10 kOe of an axial magnetic latest publication, which unfortunately only considers
The index profiles were obtained from measured field as shown in Fig. 1 . The water is highly transthe composition In 0 7 0 Gao 3 0Aso s 4 Po 36. 5 We have prism launching angles by means of a standard inparent in the ultraviolet, and the present result noted previously that use of these revised parameverse WKB method. Diffusion rates were found to be essentially the same 5 R J. Nelson and N K Dutta. J. Appl Phys 54, for x-and y-cut MqO LiNbOl.
THM47 Band-to-band Auger processes In 2923 (19831. Figure 3 shows Faraday rotator: PS. polarization selector. through the cell without a magnetic field and lb) its extinction by the application of the 90" field 10 t *kOel. 
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focal plane of the mirrors, acts as a filter to shape the slot. This led to the endfaces being skewed with a very smooth spatial beam profile and to cool the respect to the fiber axis as well as a loss of endface The geometrical optics theory of unstable resohot focal point inside the cavity down to nondamage parallelism. After removal from the polishing fixture lators has recently been broadened to include limits. In Refs. 1 and 2 we demonstrated both theoan optically thick reflective aluminum coating was nonuniform magnification. I An important possible retically and experimentally that this kind of resovapor deposited on one fiber endface. A photograph application of such resonators is for lasers with nator is highly effective in producing large-volume of a polished fiber endiace is shown in Fig. 1(a) . nonuniform gain profiles. Here a simple saturable smooth-profiled beams with an increase in oscillator Figure 1(b) shows the fiber mounted in the aluminum gain model is used to analyze the effect of nonuniefficiency and excellent energy transport and toholder which supports the fiber during laser tests. form gain profiles on the geometric modes of uncusability. The overall system for ruby laser operation is stable resonators including those with nonuniform
We report the results of a numerical optimization shown in Fig. 2 . We found that laser oscillation could magnification. Thus a comparison of the predicted study carried out to exploit the conditions for the best be Obtained even with the aluminum miror removed performance of both uniform and nonuniform mag-SFUR operation. We show the results of the eigenfrom the rear fiber enoface. The difference in the nification resonators is made, such comparison values and eigenmodes computations. One main laser thresholds for the uncoated and aluminumserving as a guide in selecting the most advantaresult is the extreme high selectivity operated by the coated rear endface allows us to estimate the resgeous resonator design for a given gain profile.
intracavity filter which rules out the possibility of onator losIes. The results indicate a iossy cavity with
In the general case, the resonator magnification multiple-transverse-mode operation J(jo-'i',)2 > a round-trip loss of 98.5%. The loss stems about A4r) is a function of the transverse coordinate r in 1001 . Furthermore, among the class of (N, = w) equally from waveguide imperfections and endlace the output plane. As found previously, the magniresonators we find that the SFUR has the lowest misalignment. fication function A46 determines the output intensity losses with feedback intensity almost twice as high The cw laser output was quasi-steady state with 1(r) in the bare-cavity case. To treat the effect of as the geometrical predicted value of IM 2 . power variations of only * 10%. A maximum laser gain. a single gain sheet located in the output plane An interesting feature of the eigenvalues is their output power ot 2.0 mW was observed with 750 mW is assumed. In the steady state, conservation of oscillatory behavior when plotted vs the aperture of 514.5-nm pump radiation. No large-scale spiking energy after a round trip through the resonator yields size, and we uncovered that, in the (N., = 0-) conwas seen due to the high cavity losses and highly the condition dition, this behavior is regulated by the reduced multimode transverse beam profile. The laser beam
Fresnel number N, relative to the shorter focal divergence was approximately ten times the dif-'e,"I(r)rdr = IjrAqr)JrAr)d[re4rj
(1) length mirror of the cavity, fraction limit.
It is interesting to study in which conditions of The experience gained in this initial device in the axisymmetric case. Here ' is the linear mismatched aperture size and positioning the beam demonstration will be used to develop a monolithic rourld-trip loss, and Gr) is the saturated gain. In the quality remains good with an almost Gaussianresonator guided wave Nd:YAG laser system. case of uniform unsaturated gain Go and magnifishaped profile. We found that a variation of the apProgress in this area will be reported.
cation. Eq. (1) has the usual solution of uniform inerture size of ± 10% or a displacement of ±20% (Poster paper) tensity. However, for nonuniform G(r,, a uniform its distance from the shorter focal length mirror intensity solution may also be obtained by requiring produces no appreciable change of the mode 1. C. A. Burus and J. Stone. J. Appl. Phys. 49, 3118 the magnification to be a function of r specified by structure. This has also been verified experimen- . ,. -. -. -. . . . ,,. .-. .-. . .  ,. .' -, '.' .. . .'.. ... .. , ''. "°,-,.-r,, ... ,,,-...  , . o. , , ,, " ,,, Fig. 2 . Experimental setup used in the cw monolithic resonator ruby fiber laser tests. The fiber is end pumped using focused 514.5-nm radiation * from an Ar-ion laser.
je. We have designed and built a machine for growand the potential for permanent deformation during loss, it never exceeds 1.5 dB for the temperature Ing fibers of a variety of refractory oxide materials. ' bending. Chalcogenide glass fibers have been clad range. Absorption loss of the rotator is only 0.35 dB The technique, called laser-heated miniature podusing the rod-in-tube approach and the doubleand increases 0.1 dB at most when temperature estal growth. 2 Is illustrated in Fig. 1 . In this cruciblecrucible method but have higher absorption levels . varies from 0 to 50C. Excess insertion loss and its less method, a CO laser melts the end of a rod of than do polycrystalline fibers, No one since Kapany excess increase are both attributed to reflection feed material. A seed crystal is dipped into the (late 1960s) has reported producing anything other and absorption loss of two calcite polarizers. molten zone thus formed, and the fiber is grown by than single-fiber products for the far-IR region. Therefore, it can be also reduced to 0.9 dS by pulling the seed crystal away from the melt while One of the two goals of the IR fiber program, applying antireflection coatings to the polarizers.
N THN Controlled growth of
fresh feed material is simultaneously fed into #h begun in Jan. 1983 at Texas Instruments, was to As mentioned above, the Faraday rotator conmolten zone. We have grown more than 400 fibers produce a single-clad-fiber product with a flat sists of Y. Since the advent of low loss optical fibers fifteen years ago, considerable research effort has been directed towards the study of nonlinear interactions in fibers. A variety of devices have taken advantage of the combination of transverse confinement and long interaction lengths available in glass fibers to operate efficiently at relatively low pump powers. Because glasses are inherently centrosymmetric, only third-order nonlinear processes, e.g. Raman I and Brillouin 2 scattering, optical Kerr effect, 3 self-phase modulation,4
or extremely weak quadrupole second order processes 5 are allowed.
Thus, the combination of fiber geometry and the second order susceptibility of non-centro-symmetric single crystals would open the door to a broad range of nonlinear applications not possible in glass fibers.
The potential of crystal fibers for nonlinear interactions is clear from the theoretical efficiencies of several simple devices. 6 A 25 pm diameter 5 cm long LiNbO3 fiber propagating an HEl 1 mode can double 1.06 vim radiation from a Nd:YAG laser with an efficiency of 0.1% per 1 mW or fifty times the bulk efficiency. Similarly, a parametric oscillator pumped with 532 nm radiation in the same fiber would have a threshold on the order of ten mW. The advantage of the guided wave structure is even more pronounced for interactions involving widely disparate frequencies, e.g. differencing two visible lasers to produce infrared radiation, where the advantage relative to the bulk is several hundred to one.
Fibers useful for device applications must meet fairly stringent quality criteria. In order to maintain phasematching in a parametric process and to minimize scatter losses, the fiber must be a properly oriented single crystal of good optical quality and uniform composition. Ferro-electric fibers must, in addition, be poled, i.e. single domain. Diameter variations can cause phase mis-match, radiation losses and modal coupling. These effects are complicated functions of the corecladding index difference, the radius of the fiber, and the azimuthal and axial period of the variations. We estimate that diameter variations must be held to less than 0.1-1% for typical nonlinear devices.
There are a number of research efforts underway to produce nonlinear crystal fibers. Organic crystals grown inside glass capillaries are being investigated by several groups. 7 , 8 These materials exhibit large nonlinear coefficients (in some cases more than an order of magnitude larger than LiNbO3), and high damage thresholds (comparable to KDP).
Crystal pronerties can be tailored to specific anlications ' . . .
..
* .~ * ' -... * *.% by organic synthesis techniques. SHG of a pulsed 1.06 Vm laser in a benzil cored fiber was reported several years ago by Nayar.
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The interaction was quite inefficient because the second harmonic radiation was produced in radiation modes of the fiber.
Another approach to nonlinear interactions in fibers is to embed an unclad glass fiber in a nonlinear crystal. DeShazer has reported promising results in LilO 3 with this technique. 1 0 His group has also grown KDP crystal fibers by an unspecified method. 1 1 The growth technique that we have chosen to pursue is miniature pedestal growth.1 2 In this method, the tip of a small rod of the material to be grown is melted with a C02 laser, as shown in Fig. 1. A seed crystal is dipped into the molten zone, then pulled from the zone more rapidly than the source rod is fed in. Mass conservation fixes the diameter reduction as the square root of the velocity ratio.
The abrupt liquid solid transition characteristic of the growth of crystalline materials is quite different from the viscous drawdown seen in glass fiber pulling, causing the pedestal growth processes to be far more sensitive than glass fiber pulling to external perturbations. The growth of fibers suitable for nonlinear applications therefore, requires a carefully designed apparatus. In particular, the growth zone must be mechanically and thermally stable and the heat distribution should be azimuthally symmetrical. The apparatus that we designed to meet these criteria is shown in Fig. 2 .
The novel reflaxicon focussing system simultaneously provides an azimuthally symmetric heat input and a tight 40 Lm focus necessary for the stable growth of small fibers. A moving belt in the translation mechanisms slides the fibers through silicon V-groove guides at rates accurately controlled by regulated d.c. motors. The V-groove guides prevent motion of the fiber in the plane perpendicular to the growth axis. A high speed non-contact diameter measurement system described in detail elsewhere has recently been completed. This device will allow study of the effect of variations of feed and pull rates and laser power on the fiber diameter, with the goal of implementing closed loop control of the fiber cross-section. A block diagram of the complete system is shown in Fig. 3 . Reference 12 gives a more complete description of the apparatus.
To date we have achieved controlled growth of four materials: AZ 2 0 3 , Cr+++:AZ 2 0 3 , Nd++:YAG and LiNbO 3 .
Several orientations of most of these materials have been grown, including both a and c axis LiNbO 3 . Fibers with diameters ranging from 20 up to 500 1im have been grown at rates of 0.5 to 40 mm/mmn in lengths up to 200 mm. The necessary CO 2 laser power is typically less than 5 W.
The morphology of the fibers is similar to that of bulk Czochralski boules of the same orientation.
For example -:111"
Nd:YAG fibers show a rounded hexagonal shape, while <001> LiNbO 3 fibers are round with three growth ridges. SEM photographs of the fibers show no micron scale roughness, but diameter variations on the order of 17 rms are observed over millimeter lengths. We CDeCt to reduce these variations by an order of magnitude with the closed loon diameter control system. These growth results illustrate several of the attractive features of the miniature pedestal growth technique. It is entirely containerless, thereby avoiding crucible compatibility and contamination problems. Feasible pull rates are orders of magnitude higher than in bulk Czochralski growth and only small volumes of starting material are required. High temperatures are easily attained, with the available laser power as the only limit. 0.5 mm diameter saonhire (M.P.2323K) can be grown with only 5 watts of laser power. Thus, the technique is attractive for material survey applications, e.g. new laser host-ion combinations.
The measured propagation losses in the fibers are in accord with theoretical estimates based on the measured amplitude of the diameter variations. For example, a 5 cm long 170 um diameter ruby fiber had losses of 0.04 dB/cm for 633 nm radiation launched into low order modes. Similar results were obtained in Nd:YAG and LiNbO 3 fibers.
The first optical device that we have constructed using single crystal fibers is an argon laser pumped monolithic cw ruby fiber oscillator. 1 4 This device demonstrates the feasibility of monolithic guided wave devices in crystal fibers.
We are currently studying two problems which must be understood before nonlinear devices can be fabricated in LiNbO 3 fibers: control of the distribution of ferro-electric domains, and cladding the fiber for control of modal characteristics. Selective etching and pyroelectric response studies indicate the c-axis fibers grow single domain, while a-axis fibers develop head-to-head domains joined at the axis of the fiber. Both these results can be explained by the thermo-electric fields which are present in the growth zone. Generated by the steep temperature gradients oresent in the pedestal growth process, these electric fields dominate the dipole-dipole interactions that cause bulk samples to break up into polydomain configurations. Efforts are underway to use controlled temperature gradients to uniformly pole a-axis fibers. It may also be feasible to use periodically varying temperature gradients to form a periodically poled fiber for quasi-phasematchingl5 nonlinear interactions.
Techniques for forming low index claddings are also being studied. Such claddings would reduce surface scatter losses and bring the waveguides closer to single mode operation. Both extruded glass and diffused proton or transition metal claddings have been fabricated and are being tested.
Conclusions
We have designed and built an apparatus to grow single crystal fibers suitable for linear and nonlinear ontical applications. Ruby, lithium niobate and Nd:YAG fibers with losses in the lb/cm range have been grown.
An argon pumped monolithic ruby fiber oscillator has been demonstrated.
e
.. S. . . . Future work will proceed in several directions. Studies of cladding and poling a-axis LiNb03 will continue. The short term goal is demonstration of efficient doubling of 1.06 vim radiation.
The first nonlinear device we expect to demonstrate is an electrooptic modulator in c-axis LiNbO 3 as the poling problem is already solved for this orientation.
Another thrust of the program will be extending the range of materials grown in fiber form. Two materials to be emphasized are terbium gallium garnet for optical isolators and potassium niobate for doubling gallium arsenide diode lasers. ions in the melt. 4 The wafer to be exchanged was held 5% or more MgO exhibits a remarkably reduced phoin a glass tube provided with lateral cuts to let the liquid torefractive response compared with undoped LiNbO 3 .
penetrate inside the tube. All exchanges were perIt is believed that the reduced photorefractive response formed at the boiling temperature of the melt, about is due to the increased photoconductivity of the MgO: 249*C in pure acid and 246 and 2430C for melts conLiNbO 3 .
2 Such a material offers great promise for taining 1 and 2% lithium benzoate, respectively. This nonlinear and integrated optics, for which induced arrangement yielded easily reproducible results. photorefractivity (optical damage) has been a serious After fabrication the waveguide index profiles were limitation in the past. It must be noted that the encharacterized using the prism-coupling launching-angle hanced photoconductivity may cause deleterious effects measurement to determine the effective indices of the in devices requiring the application of low-frequency guided modes. The guide index profile was then reelectric fields.
covered from the mode indices with a standard inverse As a first step toward the demonstration of efficient WKB method. Figure 1 shows a typical set of index nonlinear guided-wave devices, it was interesting to profiles measured at different wavelengths for an x-cut fabricate proton-exchanged waveguides in MgO:
MgO:LiNbO:l waveguide exchanged for 3 h in pure LiNbO 3 . Compared with other waveguide fabrication benzoic acid. The profiles exhibit the same step-index processes in LiNbO 3 , proton exchange has been shown shape as is characteristic of proton-exchanged waveto be a rapid low-temperature process and to yield guides in undoped LiNbO 3 with an increase of the exwaveguides with interesting applications in polarization filtering and birefringence control.
: ' In this Letter we report the fabrication of H+-exchanged waveguides in MgO:LiNbOa and describe the waveguide characteristics and power handling at short wavelengths. Uj Waveguides were fabricated in x-and y-cut 5% 4. 5 Benzoic acid has been shown to have an appropriate dissociation constant, melting temperature, U 10-02 and stability as a liquid for use in this process.
: . 4 The addition of lithium benzoate to the melt provides a W means of controlling the proton concentration in the ------exchanged region, which has a strong hearing on the ano .
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crystal structure and the optical properties and quality ---------7 -------of the waveguide." 0 2 3 The acid melt. containing between 0 and 2 mol % DEPTH (Asm) lithium benzoate. was contained in a glass tlask Fig. 1 . Typical n, and n,, profiles of a proton-exchanged equipped with a condensing column. The column was waveguide in MgO:liNbO 3 . The x-cut wafer was processed used to reduce material loss and composition change of for :1 h in pure benzoic acid at 245*C. The profiles were the melt, as the wavegui(e characteristics have been shifted vertically for clarity. larger in the doped than in the undoped material by ITME (hI'" acid. 7 The same phenomena were observed in H+: The negative ordinary index profile was measured by MgO:LiNbO3 waveguides. Stronger mode coupling was launching a wave at an angle 0 to the usual propagation also noticed in waveguides exchanged in pure acid. direction (along y) in an x-cut waveguide. The rePostannealing, a process that was shown to eliminate sulting index step An seen by the wave is then a known these difficulties, 7 is clearly also needed for doped combination of An, and An,, from which the latter can LiNbO 3 to control the crystal phase of the exchanged easily be extracted. Alternatively, one can measure the layer and stabilize its surface index. Since we did not critical angle 0C for which the wafer no longer supports anneal our waveguides after exchange, we performed a guided mode. This method yielded the value of An, all the measurements described here approximately one = -0.06 ± 0.006, in good agreement with previously day after the wafer was removed from the melt to keep published values for the undoped material. 4 our results consistent. We show in Fig. 2 the evolution of the waveguide Zero-field photorefractive sensitivity (optical damdepth with the square root of the exchange time for age) in both types of waveguides was observed to have waveguides fabricated in MgO-doped and -undoped a fairly high threshold at short wavelengths. Up to LiNbO3 in melts of different compositions. The deabout 1 mW of light was coupled into our waveguides pendence is linear, which suggests a diffusionlike befor routine characterization without apparent long-term havior for both materials. One can thus characterize effects on the waveguide index, even at 0.4579 um. the exchange rate by the diffusion coefficient D, defined
, where d is the depth (at half-maximum) of the waveguide and t the exchange time. As is shown in Fig. 3 , the exchange rate decreases as the Li + 1. melt concentration is increased, following an expo-
nential law previously established for undoped LiNbO 3 . 7 The exchange rate is lower in z-cut than in x-cut wafers for the undoped material, and is even lower \ in the x-cut orientation for the doped material. This C4 0.1 result is similar to the situation in Ti-diffused LiNbO 3 , where the presence of Ti slows down the proton-ex-0 a change rate. 8 Note that the exchange rate is still very a b i high with melts containing up to 1% of lithium benzoate; 0.01 A LiNbO3. z cut a single-mode waveguide can be fabricated in less than * MO: LNbO 3 ,'-Cut a few minutes.
Waveguides were also fabricated in y-cut MgO:
LiNbO 3 in pure benzoic acid with no evidence of surface L,* CONCENTRATION (m %) 2 etching up to the maximum exchange time that was tested, about 4 h. Again, this observation parallels that Fig. 3 
Introduction
The ability to fabricate optical waveguides in materials other than glass offers new and interesting device opportunities. In particular, waveguides formed from single crystal fibers offer the potential to make devices that utilize the unique optical and nonlinear optical properties of single crystals in a guided wave structure.
In this paper we report the growth 2f single crystal fibers using a laser assisted miniature pedestal growth technique.l, 2, 3 To implement the growth of small diameter, oriented, single crystal fibers, we have designed and constructed a fiber growth apparatus that uses a waveguide CO 2 laser source and a unique symmetrical optical focusing system. , 5 The advantages of single crystal fibers are best illustrated by considering potential applications. The applications, in turn, generate a set of criteria that the single crystal fibers must meet if they are to be useful in devices. Following the discussion of applications and fiber parameters, we describe the growth apparatus and recent growth results We then review optical measurements of single crystal fibers and summarize progress toward single crystal fiber devices.
Applications and properties of single crystal fibers
The growth of single crystal fibers is motivated by their application to linear and nonlinear optical devices that are not possible in glass fibers. For convenience, we classify devices as passive, active and nonlinear. Table I lists examples of Dossible single crystal fiber applications within these classes and illustrates each application area by some representative materials. In addition to device applications,the rapid growth of single crystal fibers makes them useful for material surveys. Laser host-ion combinations Ti:AZ203 .05% cm . Periodic diameter modulation of the fiber also leads to scatter losses. However, if oroperly controlled, periodic fiber diameter modulation may be useful as a Bragg mirror or filter. Fiber diameter uniformity of 0.1% should be achieved using this system.
The device applications of single crystal fibers shown in Table I determine the fiber parameters necessary for good device performance. Important crystal fiber parameters include length, diameter, and optical loss. Table III spmnarizes typical single crystal parameters required for thermometry using an A' 2 0 3 fiber' and for second harmonic generation using a LiNbO 3 fiber. for most applications. This device is not particularly sensitive to optical loss or mode coupling within the fiber. The allowable diameter variations are, therefore, relatively loose, on the order of 1%.
To date high temperature sapphire Vhermometry has made use of short sapphire rods coated with iridium metal at the tip.
Recently we have grown 170 in diameter fibers of *sapphire up to 20 cm in length for this application. We have also successfully doped the end of the sapphire fiber with metal to provide an integral, stable, blackbody source. Tests are now in progress to demonstrate the use of sapphire fibers as a flexible, high temperature, high speed thermometer.
Nonlinear devices using crystal fibers promise higher frequency conversion efficiency than conventional devices since fibers allow a tight beam confinement over a lon interaction length. For example a 5 cm long 25 im diameter LiNbO fiber offers a factor of g0 efficiency improvement compared to second harmonic geAeration in a bulk crystal. Since this device requires low loss single mode optical propagation in the fiber, the diameter control tolerances are tight, on the order of 0.l%.Thus high conversion efficiency is possible with incident powers on the order of 100 mW, which is the power level now available in single mode diode laser sources.
Crystal growth apparatus
We have designed and built a growth apparatus to produce single crystal fibers of the quality required for device applications. The apparatus uses a laser heated miniatu 5 e pedestal growth technique first applied to optical fiber growth by Burrus and Stone. Figure I illustrates growth of a single crystal fiber using the laser heated miniature pedestal growth technique.
A waveguide C02 laser is focused onto the molten zone by a combination refraxicon/ parabolic mirror optical system shown schematically in Fig. 2 . A source rod is translated into the focused laser beam via a belt drive translation system. The source rod may be system and fiber translation dezices.
fabricated from either single crystal, polycrystalline, or hot pressed powder material.
To initiate growth an oriented seed rod is dipped into the molten zone. The seed rod defines the crystallographic orientation of the fiber.
Growth proceeds by simultaneously translating the lower and upper fiber source and seed rods. Conservation of mass determines the fiber diameter reduction as the square root of the feed rate to pull rate ratio. Diameter reductions of 3 :1 are typical.
Greater diameter reductions are difficult due to the onset of growth instabilities.
Miniature pedestal growth differs from the viscous drawdown of a glass fiber since, unlike glass, crystals have a definite solid/liquid phase transition. The molten zone is a true liquid being held in place by surface tension.
In order to achieve a stable fiber diameter, stable fiber growth conditions must be realized.
This in turn dictates a stable mechanical apparatus, smooth feed and pull rates, stable laser power and symmetric heat input into the molten zone.
The optical system shown schematically in Fig. 2 uses copper mirrors to focus the CO 2 laser source onto the molten zone.
The refraxicon, in combination with the f/2 focusing parabolic mirror, yields a symmetric focus with a 30 rn diameter.
The tight focus allows the growth of small diameter fibers.
The translation system shown in Fig. 2 uses a seamless-belt drive system driven by a phaselocked dc motor. The fiber is held in a 'V-groove' etched in a silicon substrate that is oxidized to form a hard silicon dioxide surface. This drive system is in turn controlled by a digital logic system that allows control of the growth rate and diameter reduction ratio.
The present growth apparatus yields fibers with 2% diameter variations over centimeter lengths.
The growth of more uniform fibers will require active control of the fiber diameter during growth. Figure 3 shows a schematic of the fiber growth apparatus including a fiber diameter measurement and control system.
Since no commercial fiber diameter system met our sensitivity, speed, and working distance requirements, we have designed and built the non-contact diameter measurement system shown in Fig. 4 .
The fiber diameter measurement system uses a helium-neon laser to illuminate the fiber. The beam is tightly focused using a cylindrical lens to define the measurement zone along the fiber.
In The interference pattern is analyzed to provide an output signal proportional Ao the fiber diameter. Recent measurements have shown that the diameter sensitivity is ± 500 A at a measurement rate of I kHz.
The diameter measurement system has not yet been incorporated into the growth apparatus. Thus all fibers grown to date have been without diameter feedback control.
Fiber growth results
In the six months that the fiber growth apparatus has been operational four crystalline materials have been grown: sapphire, ruby, Nd:YAG and LiNbO 3 . Table II summarizes the length, diameter and orientation of the single crystal fibers. We initiated our growth studies by concentrating on sapphire and chromium doped sapphire or ruby because of availability and ease of growth. Experience with sapphire has enabled us to extend growth studies to Nd:YAG and to LiNbO 3 . To date we have grown both a-axis and c-axis LiNbO 3 with diameters as small as 50 m and lengths to 3.5 cm.
Typical fiber growth rates range between 1 and 10 mm/min. While these growth rates are slow compared to glass fiber pulling rates,they are orders of magnitude faster than bulk crystal Czochralski growth rates. Since fiber lengths of 5 cm are adequate for many applications useful fiber lengths can be grown in approximately twenty minutes.
The growth apparatus is designed to yield fiber diameters of between 500 and 20 tM. However, smaller diameter fibers to 6 m have been grown under special circumstances. 6 The initial feed rods are fabricated to 500 m diameter using a centerless grinder. Diameter reductions of 3 to I are normally used during growth. Smaller diameter fibers are grown using previously grown fibers as source rods. The CO 2 laser power required to grow A" 2 0 3 and LiNbO 3 fibers from 500 urm diameter feed rods are l.8 and 1.5 watts respectively. The difference is chiefly due to the different melting temperatures of the materials, 2045 0 C for sapphire and 1260*C for LiNbO.
The required laser power reduces to less than 1 W for fibers grown from 170 tim diameter feed rods. Sapphire, Nd:YAG and LiNbO 3 all display similar growth characteristics. Figure 5 shows the molten zone shape for A 2 03. The molten zone shape is similar for the other materials. For optimum growth stability the laser power is adjusted to yield a molten zone with a height-to-width ratio of near unity for a 3 -. 1 diameter reduction ratio.
The single crystal fiber growth morphology is similar to that seen in bulk Czochralski growth. For example, <111> axis Nd:YAG fibers show a slightly rounded hexagonal crosssection as shown in Fig. 6 . LiNbO 3 grown along the optic axis shows a characteristic 3-fold symmetry with growth ridges running parallel to the crystal length as shown in Fig.7 . LiNbO 3 fiber. Note the sharply detined internal concentric ring pattern and dark central growth ridges at the right boundary area are artifacts of the procedure used to obtain and near the left edge. the cross-section. Since the fiber cross-section is invariant with length, the growth morphology should not be detrimental to optical applications.
Early single crystal fibers stowed fine scale diameter fluctuations along the fiber length with a scale of 1 -10 i m.
Crystals grown with the current machine are free of these irregularities as shown in Fig. 7b . At a longer length scale we have demonstrated diameter stability to 2% over fibers several centimeters in length.
Optical measurements
We recently have initiated optical property measurements on single crystal fibers. For example, we have measured an optical waveguide loss of 0.04 dB/cm at 632.8 nm in a 5 cm long 170 im diameter ruby fiber. Comparable losses have been measured in other fibers. For these measurements the single crystal fibers were not cladded so that guiding was provided by the crystal-air dielectric interface. We anticipate lower propagation losses as we grow improved optical fibers and employ more refined cladding techniques.
Sapphire fibers as now grown are suitable for some light-guide applications such as thermometry. For example, we have demonstrated optical propagation in a sapphire fiber heated to 1500C with no significant change in transmission at the elevated temperatures. Summary
In summary we have designed and built a fiber growth apparatus to produce high quality single crystal fibers. The apparatus uses the miniature pedestal growth technique which permits the growth of crystal fibers in a wide range of materials. The apparatus is designed to handle fiber diameters as small as 20 microns with fiber lengths exceeding 20 cm.. Diameter stability to 2% has been demonstrated over fiber lengths of several centimeters. The optical attenuation of these fibers is 0.04 dB/cm. These fibers are of sufficient quality for simple passive device applications such as high temperature thermometry.
A fiber diameter measurement system has been built which when installed in the growth apparatus should improve the diameter stability and the optical attenuation by an order of magnitude. We anticipate these fibers will be of sufficient quality for a host of active and nonlinear device applications.
